Alternative hypotheses in higher-level marsupial systematics have di¡erent implications for marsupial origins, character evolution, and biogeography. Resolving the position of the South American monito del monte (Order Microbiotheria) is of particular importance in that alternate hypotheses posit sister-group relationships between microbiotheres and taxa with disparate temporal and geographic distributions: pediomyids; didelphids; dasyuromorphians; diprotodontians; all other australidelphians; and all other marsupials. Among Australasian marsupials, the placement of bandicoots is critical; competing views associate bandicoots with particular Australasian taxa (diprotodontians, dasyuromorphians) or outside of a clade that includes all other Australasian forms and microbiotheres. A¤nities of the marsupial mole are also unclear. The mole is placed in its own order (Notoryctemorphia) and sister-group relationships have been postulated between it and each of the other Australasian orders. We investigated relationships among marsupial orders by using a data set that included mitochondrial and nuclear genes. Phylogenetic analyses provide support for the association of microbiotheres with Australasian marsupials and an association of the marsupial mole with dasyuromorphs. Statistical tests reject the association of diprotodontians and bandicoots together as well as the monophyly of Australasian marsupials. The origin of the paraphyletic Australasian marsupial fauna may be accounted for by (i) multiple entries of australidelphians into Australia or (ii) bidirectional dispersal of australidelphians between Antarctica and Australia.
INTRODUCTION
The history of marsupial systematics has been profoundly in£uenced by a few key characters with dichotomous states (Bensley 1903; Simpson 1945; Szalay 1982; Aplin & Archer 1987; Marshall et al. 1990; Luckett 1994; Kirsch et al. 1997; Springer et al. 1997c) . The diprotodont versus polyprotodont condition of the lower incisors, the didactyl versus syndactyl hindfoot, the linear versus V-shaped centrocrista on the upper molars, the presence or absence of sperm pairing, and the continuous versus separate lower ankle joint patterns are among those whose signi¢-cance has been debated. The latter distinction was the basis for Szalay's (1982) division of marsupials into the cohorts Ameridelphia and Australidelphia. The australidelphian condition (continuous lower ankle joint pattern) is derived and is presumably related to arboreality in the proto-australidelphian (Szalay 1982 (Szalay , 1994 . Ameridelphians are united by epididymal sperm pairing; however, it remains unclear whether this feature is homologous in caenolestids and didelphids as each group exhibits a di¡erent style of pairing (Temple-Smith 1987; Kirsch et al. 1997) . Most classi¢cations subsequent to that of Szalay (1982) have retained both Australidelphia and Ameridelphia or their equivalents (Woodburne 1984; Aplin & Archer 1987; Marshall et al. 1990; Luckett 1994 ). An exception is that of Kirsch et al. (1997) , which does not retain either of Szalay's cohorts.
Before the classi¢cation by Szalay (1982) , Dromiciops was conventionally placed in the family Didelphidae or in a separate family (Microbiotheriidae) but in the same superfamily and/or suborder as Didelphidae (Simpson 1945; Ride 1964; Kirsch 1977) . In contrast, the Australidelphia hypothesis cuts across geographic boundaries and associates the South American microbiotheres with Australasian taxa rather than with the American didelphids. Among extant australidelphians, microbiotheres have been hypothesized as a sister to all other australidelphians (Marshall et al. 1990) or speci¢cally as a sister to either dasyuromorphs (Szalay 1994) or diprotodontians (Kirsch et al. 1991 (Kirsch et al. , 1997 . A sister relationship with the extinct Pediomyidae has also been proposed (Marshall et al. 1990) . Hershkovitz (1992 Hershkovitz ( , 1995 articulated a radically di¡erent hypothesis in which Dromiciops, and by inference other microbiotheres, are a sister-group to all other marsupials based on the absence of a staggered third incisor in Dromiciops.
Among Australasian australidelphians, bandicoots have been viewed as a sister-group to either diprotodontians (Marshall et al. 1990; Luckett 1994; Archer 1984) or dasyuromorphs (Kirsch 1977; Baverstock et al. 1990 ). However, single-copy DNA hybridization data suggest that bandicoots are outside a clade that includes other australidelphians (Kirsch et al. 1991 (Kirsch et al. , 1997 . This ¢nding, in conjunction with evidence that Dromiciops is a¤liated with Diprotodontia, implies a more complex biogeographic history than previously believed for the origin of the Australasian marsupial fauna (Kirsch et al. 1991 (Kirsch et al. , 1997 Springer et al. 1997c) .
Another perplexing question in marsupial systematics is the phylogenetic position of the highly autapomorphic marsupial mole (Notoryctes typhlops), which is placed in its own order (Notoryctemorphia). Notoryctemorphs have been hypothesized as a sister to each of the other Australasian orders (van der Klaauw 1931; Szalay 1994; Retief et al. 1995) . Molecular studies are inconclusive but favour an association with dasyuromorphs (Retief et al. 1995; Krajewski et al. 1997b ). In particular, Retief et al. (1995) hypothesize that an intron duplication in the protamine P1 gene is a shared derived feature uniting Notoryctes and dasyuromorphs.
Because single-gene studies (e.g. partial 12S rRNA, cytochrome b, protamine P1, IRBP) have provided limited resolution in higher-level marsupial systematics (Springer et al. 1994 (Springer et al. , 1997a Retief et al. 1995) , we explored questions in marsupial evolution by using multigene data sets that incorporated both mitochondrial and nuclear genes. Analyses based on concatenated data sets show improved resolution relative to single-gene studies and have implications for both character evolution and historical biogeography.
METHODS

(a) Ampli¢cation and sequencing
Ordinal a¤liations of marsupials included in this study follow Marshall et al. (1990) and are as follows: Order Dasyuromorphia (Phascogale tapoatafa, phascogale); Order Didelphimorphia (Didelphis virginiana, opossum); Order Diprotodontia (Phascolarctos cinereus, koala; Pseudochirops cupreus, ringtail possum; Vombatus ursinus, wombat); Order Microbiotheria (Dromiciops gliroides, monito del monte); Order Notoryctemorphia (Notoryctes typhlops, marsupial mole); Order Paucituberculata (Caenolestes fuliginosus, shrew opossum); Order Peramelina (Echymipera kalubu, spiny bandicoot; Isoodon macrourus, short-nosed bandicoot). Placental outgroups included Bos taurus (cow), Equus caballus (horse), Homo sapiens (human) and Mus musculus (mouse). Five new 16S rRNA and four new cytochrome b sequences were included in our analyses. The mitochondrial 16S rRNA and cytochrome b genes were ampli¢ed and sequenced as described elsewhere (Krajewski et al. 1997a; Springer et al. 1997b) . Accession numbers for the new 16S rRNA sequences (C. fuliginosus; N. typhlops; P. tapoatafa; P. cupreus; V. ursinus) are AF102808Â F102812. Accession numbers for new cytochrome b sequences (C. fuliginosus; D. gliroides; P. cupreus; V. ursinus) are AF102813Â F102816. Additional sequences for mitochondrial rRNAt RNA genes (J01394, J01415, J01420, U33497, U61072, U61073, U61075, U61078, U97342, X79547, Z29573) and cytochrome b ( J01394, J01415, J01420, M99459, U34682, U87135, X79547, Z29573) genes were extracted from GenBank, as were sequences for the nuclear IRBP (AF025381^AF025387, J04441, J05253, U48710, Z11813, Z11814) and protamine P1 (L17007, L35327, L35332, L35334, L35446, L35449, L35518, U87789) genes. Phascolarctos cinereus and Isoodon macrourus protamine P1 sequences were substituted for those of Vombatus ursinus and Echymipera kalubu, respectively, because the latter were unavailable. We constructed a multigene data set consisting of four mitochondrial loci (12S rRNA, valine tRNA, 16S rRNA, cytochrome b) and exon 1 of the interphotoreceptor retinoid-binding protein (IRBP) gene for eight marsupials and the placental outgroups. The eight marsupial species represent all extant marsupial orders. Flanking, exonic, and intronic portions of a second nuclear gene, protamine P1, were included in additional analyses involving only the marsupial taxa. (Data sets are available from M.S.S. by electronic mail: mark.springer@ucr.edu.)
(b) Sequence alignments and phylogenetic analysis
Sequences were aligned by means of CLUSTAL W (Thompson et al. 1994) with minor modi¢cations by eye. Ambiguous regions in the rRNA and protamine alignments were excluded from phylogenetic analyses (Swo¡ord et al. 1996) . Phylogenetic analyses of individual data sets yielded only combinable components (Lanyon 1993; de Queiroz 1993; Springer et al. 1997c ) with a 95% bootstrap criterion for support and con£ict. Data sets were combined in a total evidence analysis (4757 and 5508 bp for 12-and 8-taxon analyses, respectively). 12S rRNA, tRNA valine, 16S rRNA, cytochrome b, IRBP and protamine P1 contributed 912, 73, 1535, 1149, 1282, and 557 aligned positions, respectively, to the 8-taxon data set; 12S rRNA, tRNA valine, 16S rRNA, cytochrome b, and IRBP contributed 877, 67, 1376, 1149, and 1288 aligned positions, respectively, to the 12-taxon data set. Unweighted and weighted parsimony, minimum evolution with maximum likelihood and logdet distances, and maximum likelihood analyses were conducted with PAUP*4.0b1. Bootstrap analyses included 500 replications for parsimony and distance analyses and 200 replications for maximum likelihood. Maximum likelihood analyses used the model of Hasegawa et al. (1985) with either a 2 : 1 expected ratio of transitions to transversions (12 taxa) or a maximum likelihood estimate of the transition-to-transversion ratio (eight taxa). A priori hypotheses were evaluated with winning-sites (Prager & Wilson (1988) , Templeton (1983) , and Kishino^Hasegawa (1989)) tree-comparison tests.
RESULTS
(a) Phylogenetic trees
Analyses with the placental outgroups (12-taxon data set) root the marsupial clade on either the opossum branch (parsimony, maximum likelihood) or between Australidelphia and Ameridelphia (minimum evolution). Figure 1 illustrates a maximum likelihood bootstrap tree, which shows bootstrap support * 80% for Caenolestidae + Australidelphia, Australidelphia, marsupial mole + Dasyuridae, and diprotodontian monophyly (i.e. ringtail possum + wombat). Bootstrap support for these clades obtained by means of a variety of other phylogenetic methods is in the range 31^89% (Caenolestidae + Australidelphia), 62^84% (Australidelphia),60^94% (marsupial mole + Dasyuridae), and 79^99% (Diprotodontia) ( genes, 16S rRNA and IRBP provide the strongest support for Diprotodontia, 16S rRNA for Notoryctemorphia + Dasyuromorphia, and IRBP for Australidelphia. Individual mitochondrial genes provide less support for these clades than does the combined mitochondrial data set. Likewise, combined nuclear genes provide stronger support for Australidelphia and Notoryctemorphia + Dasyuromorphia than do individual IRBP and protamine P1 genes. These results suggest that the concatenation of individual gene sequences provides increased phylogenetic resolving power.
(b) Statistical tests
Bootstrap trees indicate an association of bandicoots and microbiotheres with other australidelphians, but do not resolve the precise placement of these taxa. However, statistical tests based on both parsimony and maximum likelihood favour the placement of the monito del monte within the australidelphian clade rather than as a sister to other australidelphians. In most tests, the hypothesis that Australasian taxa are united to the exclusion of the monito del monte was rejected in favour of the hypothesis that the monito del monte is intercalated within the australidelphian group (table 2). The syndactyly hypothesis, that bandicoots are the sister to diprotodontians, was also rejected, as were the diprotodonty hypothesis that unites diprotodont taxa (diprotodontians + shrew opossum) and alternate hypotheses that place the marsupial mole with either bandicoots or diprotodontians. Ameridelphia and Australidelphia were not accepted or rejected in any of the tests with either parsimony or maximum likelihood.
Tests based on either the mitochondrial or IRBP partitions of the data had less statistical power than tests based on the combined data set. KH-parsimony tests with IRBP alone did not provide signi¢cant support for or against any of the a priori hypotheses except for rejecting one of three equally most parsimonious trees (p 0.0142) associating the marsupial mole with Diprotodontia. KH-parsimony tests based on the mitochondrial genes rejected Australasian monophyly (p 0.0086), diprotodonty (p 0.0195), syndactyly (p 0.0476), marsupial mole + bandicoot (p 0.0019), and one of three equally most parsimonious trees dissociating marsupial mole + Dasyuridae (p 0.0236), but not an association of marsupial mole + Diprotodontia (p 0.1339).
DISCUSSION
Our results have potential signi¢cance for understanding the evolution of key characters in marsupial evolution. Diprotodonty and syndactyly are not homologous among orders, i.e. diprotodonty evolved independently in diprotodontians and shrew opossums, as did syndactyly in diprotodontians and bandicoots. Most workers agree that diprotodonty is convergent in caenolestids and diprotodontians (Aplin & Archer 1987; Marshall et al. 1990; Luckett 1994; Springer et al. 1997c) . There is less consensus on the origin of syndactyly and it has been argued that the uniqueness of this feature makes convergence unlikely (Marshall 1972; Szalay 1994) . However, the work of Muragaki et al. (1996) suggests otherwise as syndactyl mutations in humans can result from a simple mutation in a Hox gene. Szalay's (1982) hypothesis that the continuous lower ankle joint pattern is a synapomorphy for Australidelphia is consistent with our results. This hypothesis is noteworthy in that its phylogenetic divisions cross geographic boundaries and associate microbiotheres with Australasian taxa. The single-copy DNA hybridization results of Kirsch et al. (1991) further suggest that microbiotheres are nested among Australasian marsupials, speci¢cally as a sister-group to diprotodontians, rather than being the sister-group to all Australasian marsupials. Our analyses do not con¢rm or reject a speci¢c association of microbiotheres with diprotodontians, as suggested by Kirsch et al. (1991) , but they do agree with DNA hybridization results in nesting microbiotheres within Australidelphia. Given the prevalence of a V-shaped centrocrista among Australian australidelphians, it seems most parsimonious to interpret the linear centrocrista in microbiotheres, including fossil taxa beginning with Khasia, as a derived condition relative to the V-shaped centrocrista that probably characterized the proto-Australidelphian. Nesting of (Kirsch et al. 1991) . This scenario requires the occurrence of microbiotheres (or at least microbiothere ancestors) in Australia and Antarctica, with subsequent extinctions on both continents. Veevers (1991) indicates that Australia and Antarctica were separated by an intervening midocean ridge at about 35 million years before present (Ma BP). Also by this time, the Drake Passage had opened, a circum-Antarctic oceanic circulation was initiated, and continental glaciers were developing on Antarctica (Woodburne & Case 1996) . Certainly, by this time the isolation of Australia was fully modern, with the probability of exchange of land mammals with Antarctica e¡ectively zero. Further, evidence from sedimentology and planktonic foraminiferal biostratigraphy (McGowran 1991; Lazarus & Caulet 1993; Woodburne & Case 1996) indicates that shallow-shelf marine conditions had developed between Australia and Antarctica across the South Tasman Rise by about 52 Ma BP. Even as early as 64 Ma BP, the South Tasman Rise was submerged (Woodburne & Case 1996) . In view of these considerations, Woodburne & Case (1996) (Goin & Carlini 1995) and the Palaeogene Murgon Fauna of Australia (F. J. Goin, personal communication to M. O. Woodburne). The ages and locations of these fossils are generally consistent with back-migration to Antarctica, although the back-migration hypothesis predicts that the oldest microbiotheres should derive from Australia rather than from South America. No such fossils have yet been discovered. Initial australidelphian cladogenesis in South America and/or Antarctica, along with multiple dispersals into Australia, can also account for the paraphyly of Australasian australidelphians. According to this hypothesis, the beginnings of at least two Australasian lineages (e.g. proto-bandicoot and proto-eometatherian (sensu Kirsch et al. 1997) ) were probably present in Antarctica and Australia, at least, and possibly South America as well, before the ¢nal severance of Australia from Antarctica beginning about 64 Ma BP (Woodburne & Case 1996) . Indeed, multiple entries into Australia suggests that Antarctica may have been a primary venue in the early diversi¢cation of Gondwanan marsupials. It also suggests the possibility that some marsupial groups attained panGondwanan distributions before the ¢nal separation of Antarctica from Australia and South America; subsequent vicariance and extinction could then have resulted in the marsupial fauna that remains today (Kirsch et al. 1997) . As previously mentioned, microbiotheres are known from South America (de Muizon 1992), Antarctica (Goin & Carlini 1995) , and possibly Australia. The Australian Tingamarra porterorum from the Murgon Fauna may have a¤nities with South American protodidelphids such as Bobbschae¡eria (Woodburne & Case 1996) .
Molecular data suggest that most extant marsupial orders were separate lineages by 60^70 Ma BP (Kirsch et al. 1997; Springer 1997; Springer et al. 1997c) . Cladogenic events in this range are compatible with the timing of the ¢nal vicariant separation of Antarctica from Australia at 64 Ma BP, up to which time corridor dispersal was still possible. Palaeontological data suggest that didelphimorphs and microbiotheres, at least, were both present by 62 Ma BP (Woodburne & Case 1996) . Still, the oldest Gondwanan marsupial fossils, which date to 62 Ma BP from South America (Woodburne & Case 1996) , are slightly younger than the ¢nal separation of Antarctica and Australia at 64 Ma BP. The discovery of new marsupial fossil faunas from the Late Cretaceous and early Palaeocene of South America, Antarctica and Australia will be critical in evaluating the role of dispersal, vicariance, and extinction in the evolutionary history of marsupials.
